Acetogenic bacteria use CO and/or CO 2 plus H 2 as their sole carbon and energy sources. Fermentation processes with these organisms hold promise for producing chemicals and biofuels from abundant waste gas feedstocks while simultaneously reducing industrial greenhouse gas emissions. The acetogen Clostridium autoethanogenum is known to synthesize the pyruvate-derived metabolites lactate and 2,3-butanediol during gas fermentation. Industrially, 2,3-butanediol is valuable for chemical production.
I
ncreasing awareness of the impact of rising CO 2 levels in the atmosphere (1) is driving research into technologies that allow the production of fuels and chemicals in more environmentally sustainable processes that use fewer fossil carbon-intensive resources. While the transportation sector remains the single largest user of oil-derived products, the global chemical industry is also dependent on oil and natural gas feedstocks for the production of chemicals, including solvents, synthetic rubbers, fertilizers, and the intermediates for manufacturing plastics. Four-carbon (C 4 ) petrochemicals are among those that are projected to become particularly scarce due to feedstock switching in the refining industry, with a global trend away from petroleum-derived naphtha and toward lower-cost natural gas (2) .
Gas fermentation by acetogenic bacteria (acetogens) is a promising alternative route for producing chemicals and biofuels (3) (4) (5) . Acetogens are obligate anaerobes that use the Wood-Ljungdahl pathway to synthesize acetyl-coenzyme A (acetyl-CoA) by reducing CO and/or CO 2 plus H 2 (6, 7) . Not only do these gases comprise the sole source of carbon and energy for product synthesis, but also they can be sourced in large volumes from a range of waste and renewable resources, including industrial waste gases and synthesis gas (syngas) that is produced by gasification of biomass, coal, or municipal solid waste. Compared with traditional chemical syntheses from syngas, bacterial fermentation processes are less sensitive to variations in the composition of the gaseous substrate and more robust in the presence of contaminants, and they can lead to greater product specificity (3, 8) . Gas fermentation also offers the opportunity to reduce industrial greenhouse gas emissions while producing chemicals and biofuels from feedstocks that are noncellulosic, and therefore do not consume food resources or reduce the availability of arable land for food cultivation.
More than 100 acetogenic species have been identified; however, over 90% of these produce acetate as the sole fermentation product (8) . In addition to acetate, some acetogens are able to synthesize products, including ethanol, butanol, and butyrate (3), all of which are derived directly from acetyl-CoA. Until recently, it was unknown whether pyruvate-derived metabolites could be synthesized in significant quantities by acetogenic bacteria. We discovered that three acetogenic Clostridium species-Clostridium autoethanogenum, C. ljungdahlii, and C. ragsdalei -are able to produce the pyruvate-derived metabolites lactate and 2,3-butanediol from CO-containing steel mill waste gases (9) . The identification of 2,3-butanediol as a native fermentation product was particularly significant because this C 4 molecule is a precursor in the manufacture of a range of chemical products, including solvents, such as methyl ethyl ketone, and also 1,3-butadiene, which is an intermediate in the manufacture of nylon and the monomer used for producing synthetic rubber. Commercially, the key downstream products of 2,3-butanediol have a global market of ϳ32 million tonnes per annum, valued at ϳ$43 billion (10) (11) (12) . Previously, 2,3-butanediol production has been shown only in sugar-or citrate-fermenting bacteria (the majority of which are risk group 2 organisms) (10, (12) (13) (14) (15) (16) (17) (18) or in engineered strains of C. acetobutylicum (19, 20) , Escherichia coli (21, 22) , or Synechococcus elongatus (22) .
Our previous work highlighted the biotechnological potential of acetogens that produce 2,3-butanediol natively (9) . However, in order to optimize an industrially relevant fermentation process, it is necessary to identify and characterize the enzymes that catalyze the synthesis of relevant metabolites, including 2,3-butanediol and lactate. We identified candidate genes for these enzymes through a combination of in silico sequence analysis and quantitative PCR to relate gene expression with chemical production (9) . The proposed pathways for pyruvate utilization are shown in Fig.  1 . In this study, we undertook direct functional validations of our previous predictions by using the relevant C. autoethanogenum genes to reconstruct the acetogenic 2,3-butanediol and lactate pathways in E. coli.
An unanswered question from our previous study centered on the identity of the enzyme that reduces acetoin to 2,3-butanediol (Fig. 1 ). We identified a putative 2,3-butanediol dehydrogenase which shares 78% amino acid identity with an acetoin reductase from C. beijerinckii (20) and which appeared to be NADH and zinc dependent (9) . However, the gene for this enzyme was expressed constitutively in C. autoethanogenum, at a high normalized mRNA level (9) . This was in sharp contrast to all the other genes of the 2,3-butanediol and lactate pathways, which were highly upregulated (ϳ15-fold) only during stationary phase (which is when the cells were producing 2,3-butanediol and lactate). Furthermore, a recent analysis of C. autoethanogenum cell extracts detected acetoin reductase activities that were both NADH and NADPH dependent (23) . These observations led us to hypothesize that a second dehydrogenase may also be important for the production of 2,3-butanediol in C. autoethanogenum. In this work, we identified this dehydrogenase and characterized its kinetic properties in vitro.
MATERIALS AND METHODS
Materials. All molecular biology enzymes were purchased from New England BioLabs (Ipswich, MA). Oligonucleotides were from Integrated DNA Technologies (Coralville, IA). L-Arabinose was from Gold Biotechnology (St. Louis, MO). Dithiothreitol (DTT) was from Melford Laboratories (Ipswich, United Kingdom). Benzonase nuclease and reduced ␤-NAD (NADH) were from Merck Millipore (Billerica, MA). Talon metal affinity resin was from Clontech (Mountain View, CA). Reduced and oxidized forms of ␤-NAD 2=-phosphate (NADPH and NADP ϩ , respectively), protease inhibitor cocktail, chicken egg white lysozyme, and the assayed substrates (acetaldehyde, RS-acetoin, 2R,3R-butanediol, meso-2,3-butanediol, 2S,3S-butanediol, acetone, and butanone) were from Sigma Chemical Co. (St. Louis, MO).
Bacterial strains. Acetobacterium woodii WB1 (DSM 1030), C. aceticum (DSM 1496), C. autoethanogenum JAI-1 (DSM 10061), C. carboxidivorans P7 (DSM 15243), C. ljungdahlii PETC (DSM 13528), and C. beijerinckii NRRL-B593 (DSM 6423) were obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ), Braunschweig, Germany. C. ragsdalei P11 (ATCC BAA-622), C. beijerinckii NCIMB 8052 (ATCC 51743), and C. acetobutylicum (ATCC 824) were from the American Type Culture Collection (ATCC), Manassas, VA. E. coli strains DH5␣ and LMG194 were from Invitrogen (Carlsbad, CA). E. coli strain JW1375 was from the Coli Genetic Stock Center (CGSC), New Haven, CT. Cloning was carried out in E. coli strain XL1-Blue MRF= (Stratagene, La Jolla, CA).
Reconstruction of the C. autoethanogenum 2,3-butanediol and lactate pathways in E. coli. PCR amplification was performed using iProof High Fidelity DNA polymerase (Bio-Rad, Hercules, CA), and the primers used are listed in Table 1 . Genomic DNA was extracted from C. autoethanogenum strain DSM 10061 as described previously (24) . The complete sequence of this genome is available from GenBank (accession number CP006763) and has been described in detail elsewhere (25) .
First, the promoter region of the phosphotransacetylase-acetate kinase operon (P pta-ack ) was amplified from C. autoethanogenum genomic DNA by using primers Ppta-ack-NotI-F and Ppta-ack-NdeI-R. The amplified product was cloned into vectors pMTL85141 and pMTL85241 by using NotI and NdeI restriction sites, generating the plasmids pMTL85141-P and pMTL85241-P, respectively. The pMTL system of shuttle vectors has been described elsewhere (26) ; it is a modular system that comprises different components with standard numbering systems, as described at http://clostron.com/pMTL80000.php. Plasmids pMTL85141 and pMTL85241 each contain the Gram-positive replication origin from pIM13, the Gram-negative origin from ColE1, and a multiple-cloning site. Plasmid pMTL85141 contains a chloramphenicol resistance marker, whereas pMTL85241 confers erythromycin resistance. To reconstruct the 2,3-butanediol pathway, the candidate C. autoethanogenum alsS gene (proposed to encode a catabolic acetolactate synthase; locus tag CAETHG_1740) was amplified using primers als-NdeI-F and als-EcoRI-R, and the resulting amplicon was cloned into pMTL85141-P by using NdeI and EcoRI restriction sites. The putative budA gene (encoding an acetolactate decarboxylase; locus tag CAETHG_2932) was then added to this plasmid by amplification using primers ALDC-EcoRI-F and ALDC-SacI-R, with subsequent cloning using EcoRI and SacI restriction sites, generating the plasmid pMTL85141-P-alsS-budA. Finally, primers BDH-SacI-F and BDH-KpnI-R were used to amplify bdh (encoding the putative 2,3-butanediol dehydrogenase; locus tag CAETHG_0385) from C. autoethanogenum genomic DNA, and the resulting amplicon was cloned using SacI and KpnI restriction sites, generating the plasmid pMTL85141-P-alsS-budA-bdh.
The genes for a primary-secondary alcohol dehydrogenase from C. autoethanogenum (adh) and a 2,3-butanediol dehydrogenase from Klebsiella pneumoniae (27) were also each cloned into plasmid pMTL85141-P-alsS-budA, to test their activities in reducing acetoin to 2,3-butanediol and to confirm the stereospecificity of the enzymes. The C. autoethanogenum adh gene (locus tag CAETHG_0553) was amplified from genomic DNA by using primers LZAdh469-SalI-F and LZAdh469-XhoI-R, while the K. pneumoniae 2,3-butanediol dehydrogenase (encoded by the budC gene; accession number AF098800) was synthesized by GeneArt (Regensburg, Germany). The genes were cloned using SalI and XhoI restriction sites, generating the plasmids pMTL85141-P-alsS-budA-adh and pMTL85141-P-alsS-budA-budC, respectively.
To reconstruct the pathway for lactate production, the putative lactate dehydrogenase gene, ldhA (locus tag CAETHG_1147), was amplified from C. autoethanogenum genomic DNA by using primers Ldh-BamHI-F and Ldh-SalI-R and then cloned into pMTL85241-P, between BamHI and SalI restriction sites.
The plasmids described above and the control plasmids pMTL85141-P and pMTL85241-P were used to transform either E. coli XL1-Blue or E. coli JW1375, which is a lactate dehydrogenase-negative strain from the Keio collection (28) . Transformants were verified by plasmid purification and restriction digestion. Single colonies were picked to inoculate overnight cultures into LB medium. Inoculants were concentrated by pelleting cells, removing 80% of the original volume from the supernatant, and then resuspending the pellet to generate a 5ϫ concentrated inoculum. Anaerobic 125-ml serum bottles (Bellco Glass Inc., Vineland, NJ) containing 50 ml M9 medium with 2.5 g liter Ϫ1 glucose and either 25 mg liter Ϫ1 chloramphenicol (for maintenance of pMTL85141 derivatives) or 250 mg liter Ϫ1 erythromycin (for pMTL85241-derived plasmids) were inoculated with 0.5-ml aliquots of the resuspended cells. The cultures were shaken at 37°C and analyzed for production of acetoin and 2,3-butanediol, or lactate, by high-pressure liquid chromatography (HPLC).
Growth was monitored by measuring the optical density at 600 nm (OD 600 ).
Analytics. Acetoin, 2,3-butanediol, lactate, acetate, and ethanol concentrations were determined using an Agilent 1100 series HPLC system (Agilent Technologies, Santa Clara, CA) equipped with a refractive index detector operated at 35°C and an Alltech IOA-2000 organic acid column. The column was kept at 60°C. Slightly acidified water (0.005 M H 2 SO 4 ) was used as the mobile phase, with a flow rate of 0.7 ml/min. To remove proteins and other cell residues, each 400-l sample was mixed with 100 l of 2% (wt/vol) 5-sulfosalicylic acid, and the samples were centrifuged at 14,000 ϫ g for 3 min. The supernatant (10 l) was then injected into the HPLC system for analysis. Reliable detection was achieved with Ն1 mg of each metabolite.
Acetone and isopropanol were measured using gas chromatography (GC) analysis, employing an Agilent 6890N headspace GC equipped with a Supelco polyethylene glycol (PEG) 60-m solid-phase microextraction fiber, a Restek Rtx-1 (30 m ϫ 0.32 m ϫ 5 m) column, and a flame ionization detector (FID). Samples (4 ml) were transferred into a 20-ml headspace vial, upon which the fiber was incubated (exposed) for 10 min at 50°C. The sample was desorbed in the injector at 250°C for 9 min. Chromatography was performed with an oven program of 40°C (5-min hold) and 10°C/min to 200°C, followed by a 5-min hold at 220°C. The column flow rate was 1 ml/min, with hydrogen as the carrier gas. The FID was kept at 250°C, with hydrogen at 40 ml/min, air at 450 ml/min, and nitrogen at 15 ml/min as the makeup gas. The detection limit of the system was 1 mg of either acetone or isopropanol.
Optical activity was measured at room temperature on a polartronic NH8 instrument (SchmidtϩHaensch, Berlin, Germany) at 589 nm and 20°C. Pure chiral standards (2R,3R-butanediol, 2S,3S-butanediol, and meso-2,3-butanediol) were obtained from Sigma Chemical Co. For identification of 2,3-butanediol stereoisomers, an Agilent GC-mass spectrometry (GC-MS) system with a quadrupole mass selective detector operated at 70 eV was used. A ZB-1701 column (30 m ϫ 250 m ϫ 150-m film thickness; Phenomenex, Torrance, CA) with a 5-m guard column was used for all analyses.
Expression and purification of C. autoethanogenum primary-secondary alcohol dehydrogenase (CaADH). The C. autoethanogenum adh gene was amplified from the plasmid pMTL85141-P-alsS-budA-adh by using Phusion polymerase and the primers adh_KpnI.for and adh_Hin-dIII.rev (Table 1 ). The product was cloned into the expression vector pBAD(KpnI) by using KpnI and HindIII. This vector had been constructed previously by modifying the multiple-cloning site of pBAD/MycHis B (Invitrogen) to include a sequence that encoded an N-terminal His 6 tag and a cleavage site for the tobacco etch virus (TEV) protease. The resulting plasmid, pBAD(KpnI)-CaADH, was used to transform the expression host, E. coli strain LMG194 (29) .
TABLE 1 Oligonucleotides used in this study
Oligonucleotide
a Restriction sites are underlined.
Expression of CaADH was induced in mid-log-phase cultures (OD 600 Ϸ 0.5) by adding L-arabinose to a final concentration of 0.2% (wt/vol). The cultures were incubated at 28°C for an additional 5 h. Cells were harvested by centrifugation, and the pellets were stored at Ϫ80°C. Each pellet (ϳ3.0 g cell wet weight from a 300-ml culture) was resuspended in 10 ml of lysis buffer (50 mM potassium phosphate, 300 mM NaCl, pH 7.0). Protease inhibitor cocktail (150 l), Benzonase nuclease (37.5 U), and lysozyme (final concentration, 0.2 mg ml Ϫ1 ) were added. After 20 min of incubation at 4°C, cells were lysed by sonication on ice, and the lysates were clarified by centrifugation (21,000 ϫ g, 4°C, 30 min). The clarified lysate was mixed with 500 l Talon metal affinity resin (50% [wt/vol] slurry), and the mixture was gently agitated at 4°C for 1 h to allow the His 6 -tagged CaADH protein to bind the resin. The resin was washed twice with 10 bed volumes of lysis buffer before being transferred to a gravity flow column. After two further washes with 10 bed volumes of lysis buffer, containing 5 mM imidazole and then 10 mM imidazole, the purified protein was eluted with 5 bed volumes of elution buffer (50 mM potassium phosphate, 300 mM NaCl, 150 mM imidazole, pH 7.0). Amicon Ultra centrifugal filter units (10-kDa cutoff; Merck Millipore) were used to exchange the purified protein into storage buffer (50 mM potassium phosphate, 150 mM NaCl, 10% [vol/vol] glycerol, pH 8.0). Aggregates were removed by filtration through a sterile 0.22-m filter (Millex-GV; Millipore). CaADH concentrations were quantified by measuring the A 280 (ε ϭ 33,920 M Ϫ1 cm Ϫ1 , calculated as reported previously [30] ). Aliquots of the purified protein were stored at Ϫ80°C. Activity assays verified that these storage conditions, combined with a freeze-thaw cycle, did not lead to any loss of activity.
Activity assays. CaADH activity was measured by using a spectrophotometric assay based on a method described previously (31) . Activity was quantified by monitoring the decrease in absorbance at 340 nm associated with the oxidation of NADPH (ε 340 ϭ 6,220 M Ϫ1 cm Ϫ1 ). Steady-state kinetic parameters were measured at 25°C by using a Cary 100 UV-visible (UV-Vis) spectrophotometer with a Peltier temperature controller. The standard assay mixture contained 50 mM Tris-HCl, 0.2 mM NADPH, and 1 mM DTT, pH 7.5. CaADH was present at 6 nM. Initial reaction rates were measured with at least six concentrations of each substrate, generally covering the range of 0 to 5 times the estimated K m value. The concentration ranges used were as follows: 0 to 50 mM for acetaldehyde, 0 to 240 mM for acetoin, 0 to 3 mM for acetone, and 0 to 6 mM for butanone. The ability of CaADH to oxidize each stereoisomer of 2,3-butanediol was tested under the same conditions, except that 0.2 mM NADP ϩ was used in place of NADPH and the enzyme concentration was increased to 50 nM. A concentration range of 0 to 150 mM was tested for each stereoisomer. All measurements were made in triplicate and corrected for background. Kinetic parameters (k cat and K m ) were determined by fitting the data directly to the Michaelis-Menten equation, using nonlinear regression analysis in GraphPad Prism (GraphPad, La Jolla, CA). Values are reported as means Ϯ standard errors.
Acetone-to-isopropanol reduction capability. A number of strains were analyzed for the ability to reduce exogenous acetone to isopropanol. The strains were cultivated under strict anaerobic conditions (32) and at 37°C, except for C. ragsdalei, which was incubated at 30°C. C. beijerinckii and C. acetobutylicum were grown in RCM medium (33) , and E. coli was grown in LB medium. All other organisms were grown autotrophically in modified PETC medium (ATCC medium 1754 with fructose omitted; for A. woodii and C. aceticum, the pH was adjusted to 8.2 and 7.4, respectively). Steel mill waste gas (composition, 42% CO, 35% N 2 , 21% CO 2 , and 2% H 2 ; collected from a New Zealand Steel site in Glenbrook, New Zealand) at a pressure of 200 kPa was the carbon and energy source for the acetogens.
Growth experiments were carried out in 50 ml of medium, using 125-ml serum bottles (Bellco Glass Inc.) with butyl rubber stoppers. All cultures were inoculated to an OD 600 of 0.1 in 50 ml of the appropriate medium. The cultures were allowed to double (OD 600 ϭ 0.2) before acetone was added to approximately 170 mM (i.e., approximately 10 g liter Ϫ1 ). Immediately after acetone addition, a sample was taken and analyzed for acetone and isopropanol by GC. After 120 h of growth, samples were analyzed for acetone and isopropanol by GC and for acetate, ethanol, and 2,3-butanediol by HPLC. Cell density (OD 600 ) was also measured. All growth experiments were performed at least in triplicate.
RESULTS
Pathway reconstruction and identification of a primary-secondary alcohol dehydrogenase. The first goal of this study was to verify the functions of the putative acetolactate synthase (AlsS), acetolactate decarboxylase (BudA), and 2,3-butanediol dehydrogenase (BDH) enzymes (Fig. 1) that we previously identified in silico (9) . The candidate genes from C. autoethanogenum were cloned into the pMTL85141 vector and expressed in E. coli XL1-Blue. The genes were expressed under the control of the phosphotransacetylase-acetate kinase operon promoter (P pta-ack ) of C. autoethanogenum, which our preliminary studies had shown to be active in E. coli. The production of acetoin and 2,3-butanediol was monitored using HPLC and cultures grown anaerobically and aerobically (Fig. 2) .
Acetoin and 2,3-butanediol were occasionally detected in cultures harboring pMTL85141-P (i.e., the promoter-only control) and when AlsS alone was expressed. However, the levels of these metabolites were at or below the reliable detection limits of our HPLC protocol (Fig. 2) , suggesting that they were trace contaminants. In contrast, when the AlsS and BudA enzymes were coexpressed, significant acetoin production was observed within 47 h of growth. Anaerobic cultures accumulated acetoin to 1.4 Ϯ 0.3 mM per OD 600 unit (Fig. 2a) , whereas acetoin production was reduced nearly 5-fold (to 0.29 Ϯ 0.02 mM per OD 600 unit) under aerobic conditions (Fig. 2b) . Addition of BDH led to complete reduction of all acetoin to 2,3-butanediol (Fig. 2) .
Our previous gene expression studies (9) and the identification of NADPH-dependent acetoin reductase activity in C. autoethanogenum cell extracts (23) led us to hypothesize that a second dehydrogenase was also important for 2,3-butanediol production during gas fermentation. The sugar-fermenting, isopropanolproducing C. beijerinckii strain NRRL-B593 is known to contain an NADPH-dependent primary-secondary alcohol dehydrogenase (31, 34) . Inspection of the C. autoethanogenum genome revealed a close homologue (locus tag CAETHG_0553). The C. autoethanogenum enzyme (CaADH) and the C. beijerinckii enzyme (CbADH) each comprise 351 amino acids, 302 of which (i.e., 86%) are identical. Conserved amino acids include those that determine specificity for the NADPH cofactor (Gly198, Ser199, Arg200, and Tyr218) and those that coordinate a catalytic zinc ion in the active site (Cys37, His59, and Asp150) (35) . CaADH was tested for the ability to reduce acetoin by coexpression with AlsS and BudA in E. coli XL1-Blue. As observed for the 2,3-butanediol dehydrogenase, this enzyme was also able to completely reduce acetoin to 2,3-butanediol (Fig. 2) .
C. autoethanogenum has been shown to produce 94% 2R,3R-butanediol and 6% meso-2,3-butanediol during gas fermentation (9) . The absence of 2S,3S-butanediol implies that only R-acetoin, not S-acetoin, is likely to be produced by the C. autoethanogenum BudA enzyme (as shown in Fig. 1 ). This is consistent with the known mechanism of all other acetolactate decarboxylases, which also produce only the R enantiomer of acetoin (36) . It also suggests that the C. autoethanogenum ADH and BDH enzymes are highly stereoselective and install an R stereocenter when they re-duce acetoin to 2,3-butanediol. On the other hand, the K. pneumoniae budC gene encodes a 2,3-butanediol dehydrogenase that installs an S stereocenter (21, 27) . To investigate the stereospecificity of CaADH, we compared it to the K. pneumoniae 2,3-butanediol dehydrogenase by coexpressing each enzyme with AlsS and BudA in E. coli XL1-Blue. Expression of the K. pneumoniae dehydrogenase led to production of optically inactive meso-2,3-butanediol, almost exclusively (Fig. 3b) , as expected when a new S stereocenter is installed during the reduction of R-acetoin. A low level of optically active 2,3-butanediol was also detected. This was presumed to arise through the spontaneous racemization of Racetoin (37), yielding a low level of S-acetoin that could be reduced to 2S,3S-butanediol. In contrast, E. coli cells expressing CaADH produced only the optically active form of 2,3-butanediol (Fig. 3a) . This provided strong circumstantial evidence that CaADH stereospecifically reduces R-acetoin to 2R,3R-butanediol.
Finally, expression of the putative C. autoethanogenum lactate dehydrogenase gene (ldhA) from plasmid pMTL85241-P-ldhA restored lactate production in a lactate dehydrogenase-negative E. coli strain, JW1375, when it was cultured anaerobically in M9 medium with glucose. After 24 h, lactate had accumulated to a normalized concentration of 2.9 Ϯ 0.7 mM per OD 600 unit (mean Ϯ standard deviation; n ϭ 2 independent experiments). After 47 h, the lactate concentration had increased to 4.4 Ϯ 0.1 mM per OD 600 unit. In contrast, no lactate was produced when E. coli JW1375 cells harboring the empty vector, pMTL85241-P, were cultured under identical conditions. Together, these results confirmed that the genome of C. autoethanogenum encodes active enzymes for the conversion of pyruvate to both lactate and 2,3-butanediol.
Expression and purification of CaADH. In order to confirm its cofactor and substrate specificities, the CaADH gene was reamplified and subcloned into pBAD. This facilitated arabinose-inducible expression of the His 6 -tagged enzyme in E. coli strain LMG194. The recombinant protein was purified from soluble cell lysates by using immobilized-metal affinity chromatography. Yields of purified CaADH were typically ϳ10 mg per liter of culture medium. The enzyme was Ͼ95% pure and migrated as a single band corresponding to the expected subunit mass (40.3 kDa) on SDS-PAGE gels (Fig. 4) . As with CbADH (31), the purified enzyme was stable in air indefinitely when stored frozen at Ϫ80°C and for at least 1 day when thawed. Therefore, we measured its activity under aerobic conditions. Kinetics with physiological substrates. As predicted from the sequence, CaADH exhibited no activity with NADH in spectrophotometric assays. In contrast, the enzyme was able to catalyze the NADPH-linked reduction of a range of two-, three-, and fourcarbon substrates (Table 2) . C. autoethanogenum produced high levels of ethanol (Ͼ20 mM) during fermentative growth on steel mill waste gas (9) . We hypothesized that CaADH might play a key role in this process, by converting acetaldehyde to ethanol. As expected, the enzyme was highly active with acetaldehyde as the substrate, and the specificity constant of CaADH for this reaction (k cat /K m ϭ 1.7 ϫ 10 4 M Ϫ1 s Ϫ1 ) is similar to that reported previously for CbADH (k cat /K m ϭ 3.2 ϫ 10 4 M Ϫ1 s Ϫ1 ) (31). Unlike C. beijerinckii, and as discussed above, C. autoethanogenum also produces 2R,3R-butanediol by reduction of R-acetoin. CaADH catalyzes this conversion with an efficiency (k cat /K m ϭ 2.0 ϫ 10 3 M Ϫ1 s Ϫ1 ) that is ϳ9-fold lower than its activity toward acetaldehyde. Despite the size difference between two-carbon acetaldehyde and four-carbon acetoin, the turnover numbers (k cat ) for the two reactions are comparable ( Table 2 ). The increased specificity constant for acetaldehyde reflects a significantly decreased Michaelis constant (K m ) for the smaller substrate.
To confirm the stereoselectivity of CaADH, we also measured its NADP ϩ -dependent ability to oxidize each of the stereoisomers of 2,3-butanediol. There was no detectable activity with 2S,3S-butanediol as the substrate. In contrast, reproducible but weak activity was detected with 2R,3R-butanediol (Table 2) . While the K m value for 2R,3R-butanediol was the same as that for acetoin, the k cat value for its oxidation was substantially lower. Overall, the catalytic efficiency of CaADH for 2R,3R-butanediol oxidation (k cat /K m ϭ 33 M Ϫ1 s Ϫ1 ) was therefore 60-fold lower than its efficiency for acetoin reduction. The third stereoisomer, meso-2,3-butanediol, was an even worse substrate for CaADH. Activity was barely detectable above background noise, and we estimated it to be at least 50-fold weaker than the activity observed for 2R,3R-butanediol oxidation (i.e., k cat /K m of Ͻ1 M Ϫ1 s Ϫ1 ). Kinetics with nonphysiological substrates. In C. beijerinckii NRRL-B593, CbADH is responsible for converting acetone to isopropanol (31) . C. autoethanogenum lacks the enzymes for acetone production. Nevertheless, the highest specificity constant that we measured for CaADH was in the conversion of acetone to isopropanol (Table 2 ). This was due to the decreased Michaelis constant (K m ϭ 0.6 mM) for acetone compared with those for the physiological substrates. These data indicate that CaADH has a higher affinity for the nonphysiological, three-carbon substrate acetone than it does for physiological substrates that are either larger (acetoin) or smaller (acetaldehyde). Similarly, a low K m for butanone means that CaADH is 19-fold more efficient at catalyzing the reduction of this substrate to 2-butanol than it is at reducing acetoin ( Table 2) .
Whole-cell biocatalytic conversion of acetone to isopropanol. Our in vitro data showed that CaADH was highly active toward acetone. This led us to predict that C. autoethanogenum cells would be able to convert exogenous acetone to isopropanol. Recently, reduction of acetone to isopropanol was also demonstrated in cultures of a closely related acetogen, C. ragsdalei (38) , although no attempt was made to identify the enzyme that was responsible. We added acetone (ϳ170 mM) to early-log-phase cultures of C. autoethanogenum, C. ragsdalei, and other acetogens, as well as Clostridium species that are known to produce isopropanol or acetone. Reduction of acetone to isopropanol was monitored by GC.
Among the acetogens, only C. autoethanogenum, C. ragsdalei, and C. ljungdahlii were able to convert acetone to isopropanol (Table 3) . These species have pairwise 16S rRNA gene sequence identities of Ͼ99% and thus form a tight subcluster within the Clostridium rRNA gene homology cluster I (39). Perhaps unsurprisingly, the sequenced genome of C. ljungdahlii (40) contains a homologue that is 100% identical to the C. autoethanogenum adh gene (locus tag CLJU_24860), and sequencing revealed that the exact same gene is also present in the C. ragsdalei genome. Consistent with the kinetic data for CaADH (Table 2) , C. autoethanogenum was a highly effective whole-cell biocatalyst and converted ϳ90% of the available acetone to isopropanol. Comparisons with cultures lacking exogenous acetone in the medium revealed that none of the three acetogens coupled acetone reduction to increased growth (Table 4) . Instead, there were effects on the production of other metabolites, associated with the off-load of reducing equivalents onto acetone as an electron acceptor. In particular, production of the reduced alcohols ethanol and 2,3-butanediol was diminished, while the more oxidized compound, acetate, accumulated to marginally higher levels when acetone was added ( Table 4) .
The next most closely related acetogen to C. autoethanogenum, C. ragsdalei, and C. ljungdahlii was C. carboxidivorans (16S rRNA gene sequence identity of 93% with C. autoethanogenum). C. carboxidivorans was unable to convert acetone to isopropanol (Table  3) . Its genome is known to contain two genes for primary alcohol dehydrogenases, which are important for producing ethanol and 1-butanol (41). However, a BLAST search showed that its genome (42) lacks a homologue of the C. autoethanogenum primary-secondary adh gene, explaining why C. carboxidivorans was unable to produce isopropanol in our experiment. The more distantly related acetogens (A. woodii and C. aceticum) were also unable to produce isopropanol, indicating that they also lack dehydrogenases that are able to accept acetone as a substrate. No adh homologues were detected in the draft sequence of the A. woodii genome (43) . As expected, the isopropanol-producing strain C. beijerinckii NRRL-B593 (44) had the ability to reduce externally added acetone to isopropanol by the action of CbADH. Neither a different strain of C. beijerinckii, NCIMB 8052, which lacks this enzyme, nor the acetone producer C. acetobutylicum ATCC 824 was able to convert acetone to isopropanol. The same was also true for the negative control, E. coli DH5␣ (Table 3) . These results demonstrate the potential utility of adh-containing organisms as wholecell biocatalysts for the conversion of acetone to isopropanol.
DISCUSSION
The native ability of C. autoethanogenum to ferment gaseous substrates and produce the pyruvate-derived metabolite 2,3-butanediol offers a promising route for the sustainable and deployable production of a range of valuable C 4 chemicals. In order to develop a viable biotechnological process for the production of 2,3-butanediol from CO-containing industrial waste gases, we have initiated the characterization of the enzymes required to convert pyruvate into 2,3-butanediol.
To begin, we confirmed the activities of the C. autoethanogenum AlsS, BudA, and BDH enzymes (Fig. 1) , which had been identified previously by sequence similarity searches (9) . When the three genes were cloned and then expressed together in anaerobically cultured E. coli cells, we observed the production of 1.1 Ϯ 0.2 mM 2,3-butanediol per OD 600 unit over a growth period of 47 h (Fig. 2a) . This corresponds to an average production rate of 23 M h Ϫ1 OD unit Ϫ1 . This is comparable to the level of 2,3-butane- diol (2 mM, over 120 to 190 h) that was produced natively by C. autoethanogenum when it was grown on steel mill waste gas (9) . The implication is that our E. coli system will be a useful model for testing engineered variants of the C. autoethanogenum pathway, albeit with the caveat that E. coli cannot be grown in PETC medium with steel mill waste gas (and, likewise, the growth of acetogens in M9 medium has never been demonstrated). Nevertheless, both media are minimal and defined, thus allowing the most robust analyses that are currently tractable. In comparison to our study, Oliver et al. recently achieved 2,3-butanediol yields of ϳ150 mM in 40 h, using an optimized, aerobically cultured strain of E. coli that expressed AlsS from Bacillus subtilis, BudA from either Enterobacter aerogenes or Aeromonas hydrophila, and CbADH (22) . Our system relied on the activity of the C. autoethanogenum P pta-ack promoter; in contrast, theirs utilized an IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible promoter that drove high-level overexpression of the pathway components. We also made no attempt to optimize the codons of the C. autoethanogenum genes for expression in E. coli. These observations suggest that there is considerable scope for increasing the yield of 2,3-butanediol from our E. coli system, perhaps by as much as 2 orders of magnitude. Moreover, Oliver et al. (22) observed the production of a mixture of stereoisomers (ϳ78% 2R,3R-butanediol and ϳ22% meso-2,3-butanediol); in contrast, our E. coli strain produced 2R,3R-butanediol exclusively (Fig. 3a) . While our primary goal is to understand and then manipulate chemical production in waste gas-fermenting strains of C. autoethanogenum, our experiments demonstrate the utility of a new set of enzymes, analogous to those described previously (21, 22) , for the stereoselective synthesis of 2R,3R-butanediol in E. coli.
An important aspect of this study was the discovery that C. autoethanogenum possesses two dehydrogenases (BDH and CaADH) that are able to reduce acetoin to 2,3-butanediol. Each was highly active in our E. coli system, catalyzing the complete conversion of acetoin to 2,3-butanediol and leaving no detectable acetoin (Fig. 2) . This contrasts with a previous study in which four dehydrogenases were tested (22) . The authors found that the primary-secondary alcohol dehydrogenase from C. beijerinckii (CbADH) was the most effective by far, but it was still capable of converting only ϳ94% of acetoin to 2,3-butanediol.
The acetoin reductase activity of C. autoethanogenum BDH was expected, based on its similarity (ϳ60% amino acid identity) to the 2,3-butanediol dehydrogenases from Bacillus strains that are known to produce 2,3-butanediol (45) . Another BDH homologue, from C. beijerinckii NCIMB 8052 (78% amino acid identity), was also expressed heterologously in C. acetobutylicum, leading to the synthesis of 2,3-butanediol from natively produced acetoin (20) . Furthermore, the acetoin reductase activity of the C. beijerinckii homologue was recently confirmed in vitro (46) .
It was more surprising to discover a second alcohol dehydrogenase that can play an important role in the production of 2,3-butanediol. This enzyme, CaADH, is strictly NADPH dependent and is a close homologue of the C. beijerinckii primary-secondary alcohol dehydrogenase, CbADH. However, C. autoethanogenum synthesizes acetoin (but not acetone) (9), whereas C. beijerinckii produces acetone (but not acetoin) (44) . CaADH and CbADH therefore serve different physiological roles, participating in the production of 2,3-butanediol and isopropanol, respectively. These different roles appear to be reflected in the kinetic parameters of CaADH (Table 2) and CbADH (21, 31 . This is consistent with an evolutionary model in which selection has acted on CaADH to maximize the rate of 2,3-butanediol production from acetoin in C. autoethanogenum. While the evolutionary optimization of enzyme-transition state complementarity can increase the k cat /K m value, for any given k cat /K m relationship, the reaction rate (i.e., molecules of product per molecule of enzyme per second) is maximal when k cat and K m are both high (47) . In particular, rate maximization requires that the Michaelis constant be greater than the intracellular substrate concentration, and this is clearly the case for CaADH. On the other hand, CbADH has k cat (140 s Ϫ1 ) and K m (0.98 mM) values for acetone (31) that are both higher than the respective values of CaADH (Table 2) . CbADH has been used as a component of new 2,3-butanediol pathways in a variety of engineered microorganisms (19) (20) (21) (22) . The high activity of CaADH toward acetoin suggests that it will prove a superior alternative to CbADH for these biotechnological applications.
During gas fermentation, C. autoethanogenum produces 2R,3R-butanediol almost exclusively, although a low level of meso-2,3-butanediol (ϳ6% of the total) can also be detected (9) . Acetoin is extremely prone to spontaneous racemization via an enolate intermediate. Indeed, this propensity hampered our attempts to synthesize enantiomerically pure R-acetoin by several previously published routes (37, 48 ; data not shown). Therefore, it is likely that a small fraction of the R-acetoin produced by the C. autoethanogenum BudA enzyme spontaneously racemizes to S-acetoin in vivo (Fig. 1) . Like CbADH (21), BDH and CaADH appear to be capable of installing R stereocenters exclusively during acetoin reduction, so both are candidates for reducing S-acetoin to meso-2,3-butanediol. However, CaADH-catalyzed oxidation of meso-2,3-butanediol was barely detectable in our assays (Table 2) , suggesting that BDH is the most likely S-acetoin reductase. Consistent with this hypothesis, the C. beijerinckii BDH homologue is almost as active with meso-2,3-butanediol as it is with 2R,3R-butanediol as a substrate for oxidation (46) . While evolution has apparently acted to improve the R-acetoin reductase activity of CaADH, its highest activity in vitro was with acetone as the substrate (Table 2) . Only a few microorganisms, such as C. beijerinckii NRRL-B593, are known to produce isopropanol, and acetone-to-isopropanol converting enzymes are rare (31, 49) . A recent study showed that C. ragsdalei cells are capable of reducing acetone to isopropanol (38) , even though this organism does not synthesize acetone or isopropanol naturally. Its ability to synthesize isopropanol was discovered in a fermentation with producer gas that was contaminated with acetone, which had been used as a scrubber after the gasification process. Here we have shown that C. ragsdalei, C. autoethanogenum, and their close relative, C. ljungdahlii, are all able to reduce exogenous acetone to isopropanol ( Table 3 ). The data are consistent with a model in which the most recent common ancestor of C. autoethanogenum, C. ljungdahlii, and C. ragsdalei acquired the gene for a primarysecondary alcohol dehydrogenase from a sugar-fermenting isopropanol producer, such as C. beijerinckii NRRL-B593. The low, promiscuous activity of the acquired CbADH-like enzyme for reducing acetoin would have provided a selective advantage for its maintenance in the new host, and mutations that improved this activity would subsequently have been favored.
In addition to acetoin, CaADH was also efficient at catalyzing the reduction of the C 4 compound butanone to 2-butanol (Table  2) . In fact, the activity of the enzyme in vitro was greatest with the two nonphysiological ketone substrates, acetone and butanone. Our data suggest that CaADH will be a useful target for further engineering, with the goal of using variants of the enzyme in pathways for the stereo-and/or regioselective production of chemicals, including isopropanol, 2,3-butanediol, and butanol. Overall, this study represents an important step in the ongoing effort to realize the biotechnological potential of gas-fermenting bacteria. Not only have we functionally validated the pathway for 2,3-butanediol production by C. autoethanogenum, but also we have illustrated the potential of this acetogen as a platform for sustainable chemical manufacture.
